Introduction
[2] Saharan dust, as any aerosol, interacts with solar radiation through scattering and absorption. While both processes are expected to cool the air below the aerosol layer, absorption is expected to cause heating within the layer ("radiative heating"). The magnitudes of the heating and cooling depend on the aerosol's optical properties [Moosmüller et al., 2009] . During the northern hemisphere summer (June-August) Saharan dust is being transported over the Atlantic Ocean [Prospero et al., 2002] . The dust is lifted to an altitude of 3-5 km, and reaches the Americas in about a week [Ginoux et al., 2004; Kaufman et al., 2005; Schepanski et al., 2009] . During this time of year the dust is relatively "pure", i.e., not mixed with biomass-burning smoke [Ben-Ami et al., 2009; Haywood et al., 2008] . Saharan dust has single scattering albedo of 0.8-0.95, in the visible wavelengths [Dubovik et al., 2002; Otto et al., 2007] , rendering it an absorbing aerosol.
[3] Recent studies [Davidi et al., 2009; Wang, 2010] suggested that absorption might warm the aerosol layer by up to 2 K but did not address meteorological correlations. Indeed, if "dusty" air is warmer simply because it originated in the Saharan hot spots; the observed warming is not due to radiative heating. How does one separate the two effects?
Methods
[4] To that end, we examined the vertical profiles of temperature (T) and the aerosol optical depth (t) over the mid Atlantic Ocean (Figure 1a ) for the period June-August, 2003 -2010 (only 2009 are presented in the main text; see remaining results in the auxiliary material).
1 The aerosol optical depth (t) and cloud fraction data are taken from the moderate resolution imaging spectroradiometer (MODIS) instrument [Levy et al., 2007; Remer et al., 2008] . We use level 3, 1°by 1°, daily data; all AOD data is at 550 nm. Due to cloud contamination, we restricted the value of t to below 0.6 [Brennan et al., 2005] . Temperature profiles data are taken from 2 sources: the atmospheric infrared sounder (AIRS) [Aumann et al., 2003] and the global data assimilation system (GDAS) [Kanamitsu, 1989] . From AIRS, we use global, level 3, 1°by 1°, daily data. Daily 0.25°wind speed data are derived from the advanced microwave scanning radiometer NASA's -Earth Observing System (AMSR-E). MODIS, AMSR-E and AIRS fly on the Aqua platform (overpasses at $1:30 local time). The GDAS scheme produces global temperature maps at standard pressure levels (1000, 925, 850, 700 hPa, etc.) 4 times a day (0, 6, 12, and 18 UTC), 1°by 1°resolution. In order to be able to compare the 2 temperature datasets (GDAS and AIRS), we linearly interpolated to 13:30 local time, using the values at 2 nearest times.
[5] The remotely sensed temperature (using AIRS instrument, hereafter referred to as "observed") vs. t (taken from MODIS), at 4 pressure levels, is shown in Figure 1b . Using the linear fits in Figure 1b , we introduce and plot vertical profiles of the quantity b obs. (P) ≡ ∂T P,obs. /∂t (Figure 1c , blue curve), interpreted as a measure of radiative heating (negative values indicate cooling).
[6] Figure 1b is plotted by binning the dataset ($280 points per bin), and plotting the mean temperature versus the mean t at each bin. The error bars are the 99% confidence interval of the mean. We note that hereafter all temperature changes are per unit t (not absolute temperature).
Results
$6-8 K per unit t at 925-850 hPa (within the dust layer), and cooling of $2 K per unit t at 600-500 hPa (above the dust layer). While this is a physically appealing pattern, readily amenable to physical interpretation in terms of dust layer heating, a skeptical reader might argue that Figure 1 merely presents a correlation and need not imply causality. Indeed, one could propose four possible reasons for such correlations:
1. AIRS retrieval artifacts: dust particles are large enough (up to several microns in diameter) to be comparable to the IR wavelengths.
2. Geography: westward regions are colder (further from the warm Saharan Desert source) and have lighter dust loadings, due to progressive westward dilution of dust plumes by ambient air, thereby yielding temperature-dust correlations.
3. Meteorology: dust outbursts are associated with warm and dry air layer (known as Saharan air layer, SAL), thus the dust functions as a tracer of the warm air.
4. Aerosol radiative effect: dust absorbs and scatters solar radiation, thus heats the dust layer while cooling the layers below.
[8] We tackle option 1 first. While AIRS has been validated in numerous experiments [Gao et al., 2008; Olsen et al., 2007; Susskind et al., 2006; Tobin et al., 2006] , no validation has been done specifically to examine the possible effects of dust aerosols [Nalli and Stowe, 2002] . However, one could not a-priori claim that dust aerosol will cause biases, rather than only increasing retrieval noise (i.e., its root mean square, relative to a reference). Furthermore, even if dust is associated with inversion bias, sign-alternating biases at consecutive pressure levels appear rather unlikely. In other words, to yield the profile in Figure 1c , the artifacts must "conspire" for a net bias of alternating heating and cooling. Wang [2010] showed very similar heating patterns using completely different instruments (OMI and FORMOSAT-3/ COSMIC), rendering this scenario even less plausible.
[9] In order to examine the geography-driven argument, we divided the Atlantic Ocean region to smaller boxes, going east to west (Figure 2a) , and plotted the heating profiles, b obs. (P), for each box (Figure 2b) . By dividing to smaller boxes, and remembering that b(P) is the temperature change per unit t, we are allowed at neglect, at least to first order, this mixing effect (which is the underlying essence of the geography argument). Thus, since the profiles seen in Figure 2b are different for each sub-region, with a clear trend -eastern boxes have significantly more positive heating profiles than western boxes -we claim that this "geography effect" is not the dominant factor in the correlation.
[10] The remaining meteorological and the aerosol radiative signals are closely coupled, making their disentanglement difficult. Ideally, one might try to tackle this problem by using a "perfect" model which "knows" about every atmospheric physical law, excluding the aerosol radiative effect. Then, by subtracting the observed heating profiles from the modeled ones, one could extract the pure dust Observe a cooling of $1 K per unit t at a pressure level of 1000 hPa (below the dust layer), heating of $6-8 K per unit t at 925-850 hPa (within the dust layer), and cooling of $2 K per unit t at 600-500 hPa (above the dust layer). The blue curve was calculated using observed temperature profiles (from AIRS), while the red curve uses modeled data (from GDAS). The error bars indicate the 99% confidence region. The differences between the two curves serve as lower bound for the dust radiative signature: cooling below the dust layer, heating within it, and cooling above it (Db ≡ b obs. À b modl. < b total À b meteorology < b dust ). radiative signal. We used the global data assimilation system [Kanamitsu, 1989] (GDAS) as an approximation for that ideal model. GDAS is imperfect: it does not include all relevant atmospheric science (due to lack of knowledge and insufficient computational power). More importantly, dust radiative effect is indirectly incorporated into the GDAS data set, through the dust effect on the radiances and temperatures measured by remote sensing instruments and radiosondes. Figure 1c shows the heating profile derived from the GDAS data set (hereafter referred to as "modeled"), b modl. (P) (red curve). The profile roughly follows the observed heating profile (blue curve). As discussed above, the difference between the two curves can serve as a lower bound for the dust radiative signature (lower because dust radiative effects are indirectly incorporated into GDAS): Figure 1c (red curve). The negative b obs. value below the dust layer, however, is an indication of a dust radiative signature.
[11] To zoom in on the essential physics we, therefore, examine the value of Db at 3 layers: below the dust (1000 hPa), within the dust layer (925-850 hPa), and right above the dust (700 hPa) [Ben-Ami et al., 2009] . Figure 1c illustrates the calculation of these 3 values and the spatial pattern of Db for these 3 layers is presented in Figure 2c . Note that since b, and therefore Db, are normalized (units of temperature change per unit t), dilution with the ambient air cannot be considered as an explanation for any trend observed, as explained above. The layer below the dust (Db below , blue curve) shows restricted cooling values, except for the eastern-most box (closest to the African shore), of about 2-4 K per unit t. The dust layer (Db dust , green) displays a remarkably robust maximum: from no significant heating in box 1 (closest to the Africa shore), to a maximum value of $4 K per unit t at box 3 (middle of the Atlantic Ocean), and then a decrease to a value of $1.5 K per unit t at box 5 (the Caribbean Sea). The layer above the dust (Db above , red) shows cooling of $2 K per unit t, except for the western-most box. Note that previous studies showed heating of $2 K [Davidi et al., 2009; Wang, 2010] .
[12] The presence of the maximum suggests competing effects: the eastern-most region is the closest to the Sahara Desert, therefore the layer has the strongest "memory" of the SAL environment, so differentiating between meteorological and aerosol radiative effects is practically impossible. Thus getting further westwards enables better separation of the two signals. However, we argue that the western-most box ) versus mean box longitude at three levels: below the dust layer (1000 hPa, blue curve), within the dust layer (925-850 hPa, green), and above the dust (700 hPa, red). As GDAS data may implicitly account for some of the dust absorption, the quantity Db furnishes a conservative (lower) bound for the magnitude of the dust radiative effects (heating or cooling). The presence of the peak heating at the dust layer (green curve) is, likely, an indication for two opposing trends: "memory" of the Saharan Desert source versus the mixing with the transparent (non-absorbing) aerosol of marine origin.
shows smaller heating (compared with the middle box) due to the presence of non-absorbing aerosol types, specifically marine aerosol. These transparent aerosols are located near the surface and do not absorb solar radiation, but they are included in the MODIS aerosol optical depth retrieval (t). Since these aerosols are generated by the wind, stronger surface winds indicate higher concentrations of marine aerosol [Lehahn et al., 2010] . Figure 3a shows the mean surface wind strength for the months June-August, 2009. It shows a clear gradient of the surface winds which results in higher non-absorbing aerosol concentrations in the western boxes. This supports our hypothesis that the decrease heating in the Caribbean Sea is due to the presence of marine non-absorbing aerosol.
[13] We note that one could hypothesize that since GDAS has radiosondes measurements at both eastern and western ends of the Atlantic Ocean (serving as "anchors"); the highest deviation is expected in the middle. Although this is possible, and might contribute somewhat to our analysis, it could not account for the entire maximum seen in Figure 2c . We also note that similar results were obtained for all years 2003 -2010 , which points to the robustness of our methodology.
[14] So far we have ignored clouds altogether. Clouds might obscure the dust radiative effect by blocking the dust (depending, of-course, on their height), thereby diminishing the apparent dust heating. On the other hand, clouds could increase dust absorption through "photon bouncing" effects, i.e., reflecting solar radiation, thus increasing the optical path the light travels through the dust layer. This question remains open as our methodology cannot discern the effects.
[15] Ideally, one should scrutinize the data to a narrow cloud fraction values (e.g., only no-clouds pixels), but this approach causes a statistical problem since not enough data would remain. Therefore, we combined data from several years (Figure 3b ). Note the similarity between Figures 3b and 2c, an indication for the robustness mentioned above, and a justification for merging all available summer data. Figure 3c is based on the same analysis, but restricting the data only to pixels with cloud fraction below 0.2 (for convenience, this data set will be termed "cloud-free"). As expected, the "cloud-free" data set is noisier (as indicated by the larger error bars), but the differences are within the error bars. The similarities between the "all-data" and the "cloudfree" data sets indicate that the dust radiative effect is quite robust.
Summary
[16] By combining data from two instruments and examining the proposed beta-signature, we found evidence for the radiative heating of the dust layer over the Atlantic Ocean of at least 2-4 K. Exploiting spatial patterns of AIRS and GDAS temperature profiles ruled out other causes. Dust absorption has a maximum along the east-west summer transport route, suggesting interplay of geographic memory and aerosol optical properties. Such significant absorption is expected to affect the stability of the atmospheric profile, suppressing cloud formation below the heated layer. Due to the sheer vastness and abundance of transatlantic dust, such effects are likely to be important and to affect the atmosphere on a synoptic and possibly global scale. Therefore, desertification and changes in patterns of dust emissions are expected to change patterns of such effects.
